We investigate theoretically the polarization properties of the quantum dot's optical emission from chiral photonic crystal structures made of achiral materials in the absence of external magnetic field at room temperature. The mirror symmetry of the local electromagnetic field is broken in this system due to the decreased symmetry of the chiral modulated layer. As a result, the radiation of randomly polarized quantum dots normal to the structure becomes partially circularly polarized. The sign and degree of circular polarization are determined by the geometry of the chiral modulated structure and depend on the radiation frequency. A degree of circular polarization up to 99% can be achieved for randomly distributed quantum dots, and can be close to 100% for some single quantum dots.
The possibility to control the circular polarization state of radiation from quantum emitters has drawn attention of researchers in recent years. The reason for this are the various important applications in spin-optoelectronics, quantum information technology, chiral synthesis and sensing, etc.. There are several methods to generate circularly polarized emission. The first one is to use a quarter-wave plate. The second possibility is based on the electrical injection of spin-polarized carriers into the active region [1] [2] [3] [4] [5] [6] . The third possibility is to modify the local electromagnetic field, for example, using chiral liquid crystals [7] [8] [9] . Another possibility is the combination of the second and the third ways. It has been suggested to use external magnetic field to split opposite spin states and microcavity to enhance the emission for some state [10] . Modification of local electromagnetic field can also be achieved by chiral photonic crystals [11] . This method has considerable advantages in comparison to the others, for example, the controllability of the properties, the small structure size (a quaterwave plate is thicker), simple operation, and compatibility of semiconductor fabrication process. The circular polarization degree (CPD) reported in [11] was about 26% maximum. Recently, the CPD of QDs emission as high as 81% was experimentally achieved from a planar semiconductor microcavity with chiral half-etched top mirror [12] , but this structure is far more complex. Therefore finding an optimized simpler design for the type of structure used in [11] with a larger CPD can be clearly beneficial.
In this paper, it is shown that a CPD close to 100% can be achieved by a simple optimization of only the chiral layer of the structure of [11] . In addition, the calculation in [11] was done only for a single photon energy and emission normal to the system plane. Here we show that the calculated optical emission of quantum dots (QDs) from the structure of [11] with gammadions is in a good qualitative agreement with the experimental results. However some discrepancies appear, which are analyzed here.
The gammadion nanostructures consist of one chiral photonic crystal layer, three homogeneous layers, and a plane with randomly distributed QDs (Fig. 1a) . The plane with QDs is located 150 nm above the bottom of 260 nm thick GaAs waveguide (permittivity ε GaAs ≈ 12.2). The GaAs waveguide layer is surrounded by two lower effective dielectric permittivity layers. The lower layer is 1 µm thick and consists of Al 0.7 Ga 0.3 As (ε Al 0.7 Ga 0.3 As ≈ 9.3). The upper layer (460 nm thick) is a square lattice (period is p = 1.29 µm) of GaAs gammadions. One unit cell of the chiral photonic crystal is shown in Fig. 1b . Each gammadion is homogeneous along z-axis and is characterized by size d and arm width w. The whole system is placed on a GaAs substrate. In the numerical calculations, the substrate and the superstrate are assumed to be infinite half-spaces.
The spontaneous emission of a QD is not an intrinsic property but depends on the environment [13, 14] . The environment can modify all QD's optical characteristics such as the QD's excited-state lifetime, far-field directional pattern and polarization of emitted light. If a QD is placed in a structure supporting optical modes, the QD's optical characteristics can have resonance behavior. In this paper, we consider the structures supporting quasi-waveguide modes, which appear from the waveguide modes coupled to photons in air via the photonic crystal layer [15] . The coupling strength is different for left (σ − ) and right (σ + ) circularly polarized photons because of the coupling layer's symmetry. For specificity, the left and right circular polarizations are defined from the point of view of observer. The QDs in the structure of interest excite the quasi-waveguide modes, that leak outside the waveguide along z-axis with different intensities in left and right polarizations. In order to characterize the emission properties along zaxis, we compute the intensities in left and right polarizations (I − and I + ) and calculate the CPD P = (I The computation of the QD's radiation can be performed using an oscillating point dipole model. In this model, a finitesize QD in the point r 0 is replaced by an oscillating point current j(r, t) = j 0 δ(r − r 0 ) exp(−iωt) with fixed amplitude j 0 and frequency ω (so-called weak coupling limit). This system is described by Maxwell's equations and the far-field emission can be computed using the scattering matrix treatment [15] [16] [17] [18] . As the QDs in the structure of interest are randomly distributed and non-polarized, the radiation intensity of the oscillating point dipole must be averaged over different dipole positions r 0 and directions of dipole moment. We assume also that the oscillating point dipole can oscillate only along the xy-plane because of the QD's shape.
The experimental photoluminescence spectrum of the QD's radiation along z axis in the left circular polarization for the structure with gammadion parameters (w, d) = (146 nm, 1074 nm) is shown in Fig. 2a (see also [11] ). In this figure and Fig. 3a , the experimental emission intensity is normalized to the function shown in the inset of Fig. 3a and a constant such that non-resonant experimental and theoretical intensities are close to each other. The corresponding calculated spectrum of 
FIG. 2.
Left circularly polarized component of the QD's emission spectra for the structure with gammadion parameters (w, d) = (146 nm, 1074 nm). Panels (a), (b), and (c) correspond to the measured intensity published in [11] , calculated intensity normal to the structure, and calculated intensity averaged over a small solid angle. See the explanation of spectra normalization and averaging in the text. the QD's emission normal to the structure is shown in Fig. 2b . In these and following figures, the calculated intensity is normalized to the maximum radiation intensity of the equivalent QD in free space. One resonance (with wavelengths λ ≈ 1052 nm) is shown in the QD's emission spectra. The position of this resonance for the experimental and calculated spectra are almost the same, but the width of the experimental resonances is several times broader than the theoretical and the amplitude is several times smaller. It may be due to a number of reasons. The first probable reason for this is that there are many defects in the real structure, leading to additional light scattering. As a result, the resonances in the QD's emission spectra for the real structure should be smaller and broader than for the ideal one. In addition, this mechanism mixes emission from different directions. In particular, emission spectra to inclined directions make a small contribution to the experimental emission spectrum to the top. The defects are not explicitly taken into account here, as it is rather difficult to include this contribution in numerical calculations.
Another probable reason is a finite aperture value in the experimental setup (NA ∼ 0.03). The resonance frequency depends on the angle of observation. The stronger this dependence and the larger the aperture, the smaller and broader are the resonances. To take into account the finite aperture, we av- 
Here, I 0 (λ) is averaged intensity, θ and φ are polar and azimuth angles, and N = 2π π 0 dθ sin θ f (θ). The corresponding spectrum is shown in Fig. 2c . This spectrum looks more similar to the measured one than the non-averaged emission spectrum. It has the same double-resonance shape and the same width as the experimental resonance. Nevertheless, its amplitude is still several times bigger than the experimental one, indicating the presence of defects and other reasons for the observed discrepancy.
One more probable reason for the difference between the calculated and experimental spectra is a very strong dependence of emission spectra on the structure's parameters. For instance, changing the arm width w for the structure with w = 146 nm by only 1% leads to a change in the amplitude shown in Fig. 2b by 12% . Figure 3a reproduces the emission spectra of Ref. [11] for the structure with gammadion parameters (w, d) = (177 nm, 1075 nm). The calculated intensities averaged over small solid angle with slightly modified structural parameters (the etching thickness is 19 nm smaller, the size of the gammadion d is 11 nm smaller, the outer arm is 3 nm wider and 2 nm shorter, the inner x-directed arm is 14 nm narrower, and the inner ydirected arm is 4 nm broader) are shown in Fig. 3b . One can observe a good overall agreement between measured and calculated spectra in Fig. 3 .
So far, we have verified experimental results of [11] . In the following, we provide an alternative design for the photonic crystal slab, which leads to nearly 100% CPD in our numerical calculations and is even more simple than the gammadions. The optimized structure consists of the same layers as the previous design, but the gammadions are replaced by four rectangles, each rotated by 90 o with respect to its nearest neighbors. A schematic of the structure is depicted in Fig. 4 . The thickness of the AlGaAs layer is the same as in the previous design, while the thicknesses of the chiral photonic crystal layer and the waveguide are 520 nm and 310 nm, respectively. The period of the chiral photonic crystal is p = 920 nm and its unit cell is shown in Fig. 4b . The distance between rectangles is p/5, their sides are p/5 and 2p/5. The plane with randomly distributed QDs is located at 90 nm above the waveguide's bottom.
The calculated spectra of the QD's emission for the optimized nanostructure are shown in Fig. 5a . One strong and narrow resonance for left polarized photons occurs at a wavelength of 1071 nm. In contrast, emission in the right polarization does not provide any resonance behavior at this wavelength. The CPD appears to be around +99% at resonance wavelength. The influence of a finite aperture can be estimated using the same formula 1 as before and linear dependence of θ 0 and ∆θ on aperture value. Figure 5b shows that the CPD decreases almost linearly with increasing aperture while the resonance peak half width at half maximum (HWHM) increases almost linearly. It can be seen that CPD larger than 95% is expected in this structure within aperture less than 0.01.
Emission properties depend also on the vertical position of the QDs. Such calculated dependence of left (σ − ) and right (σ + ) circularly polarized components of the emission are shown in Fig. 6a . The left circularly polarized component of the emission reaches its maximum for QDs located inside the waveguide and decreases rapidly outside. It proves the fact that the QDs couple with a quasi-waveguide mode which can leak along the positive z axis with left circular polarization. The behavior of the right circularly polarized component of the emission is not the same due to the broken mirror symmetry and optimized parameters of the chiral photonic crystal layer.
The dependence of single QD's emission on its horizontal position is shown in Figs. 6b-6c for left and right circular polarized output to the superstrate. The figures show that QDs excite a quasi-waveguide mode originating from a standing waveguide mode [15] , for which the electric field is proportional to cos(4πx/p) cos(4πy/p). The maximum value of left polarized emission exceeds the maximum value of right po- larized emission by a factor of one hundred. It can be seen also that right polarized emission is about zero for some QD's position while left polarized emission is large. That means the CPD is close to +100% for these points.
In conclusion, we theoretically investigated emission of randomly distributed quantum dots from chiral photonic crystal structures. The calculated results for gammadion nanostructures agree with the experimental ones [11] . We propose an optimized chiral nanostructure, which enhances left polarized emission, leading to a CPD around 99%. The control of quantum dot's position leads to increasing of CPD up to 100%.
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